The study of asymmetrical patterns of the light diffracted by ultrasonic waves has been utilized in the last decades to investigate ultrasonic wave distortions caused by the nonlinearity of the medium. In contrast to the investigation of diffraction patterns in space, a novel optical method is proposed in this work to analyze, in the frequency domain, the phase modulation (related to the Raman-Nath parameter) of the probe beam. Using a heterodyne interferometric method, the effects of ultrasonic waves are described as sideband generations (Doppler shift) about a central frequency (optical heterodyning) in the frequency spectrum of the photocurrent. Asymmetry resulting from nonlinear effects was observed upon the spectrum envelope. This effect increases both with ultrasonic intensity and with propagation distance. Experimental results obtained in water confirmed qualitatively the theoretical analysis which includes the second and third harmonics in the formulation. ¸
INTRODUCTION
Acousto-optic interaction provides a convenient way of probing ultrasonic waves in transparent media and has the advantage not to disturb the ultrasound field. Raman-Nath theory predicts that there is a symmetry of diffraction pattern about the zero order of diffraction when the light is normally incident to the plane of a sinusoidal ultrasonic wave. However, when the ultrasonic intensity increases, the ultrasonic waveform distorts due to the nonlinearity of the medium. Optical diffraction patterns have been shown to be rather sensitive to changes in ultrasonic waveforms, which reflect the distortion of ultrasonic waveform by becoming spatially asymmetrical.
•-3 This asymmetry pattern was previously observed in the optical far field, either on the diffraction intensity of individual orders by Zankel and Hiedemann 2 or on the envelope of whole diffraction patterns by Mikhailov and Shutilov, • and Breazeale and Hiedemann. 3 By using various inverse procedures, it is possible to deduce the ultrasonic waveform distortion from diffraction patterns. TM In the present paper, we describe another optical method for investigating finite-amplitude ultrasonic distortion. This method, which combines acousto-optic interaction with heterodyne interferometry, has been utilized to measure low-intensity ultrasonic waves in fluids and in solids. 5'6 Unlike conventional optical diffraction methods, a narrow probe light is used in our experiments and the phase modulation (Raman-Nath parameter) detected in the optical near field is deduced directly owing to heterodyne interferometry. The behavior of the frequency spectrum corresponding to the signal resulted at the photodetector will be studied as function of ultrasonic distortion caused by finite-amplitude waves.
I. THEORETICAL ANALYSIS
In this section, we first review briefly the principle of the interferometric method in pressure measurements of lowintensity ultrasound, and then apply this method to detect finite-amplitude ultrasonic waves.
A. Low-intensity ultrasonic measurements
The basic principle of the heterodyne interferometry applied in pressure measurements can be readily understood by the schematic diagram illustrated in Fig. 1 
with I0-E2, the optical intensity of the laser source, and (Fig. 2) , the envelope of the frequency spectra remain almost symmetrical, keeping the same number of sidebands around the central component fB=70 MHz. Figure 5 shows the spectra of ultrasonic pressures generated by the same source but detected at a greater distance x =22 cm. As clearly seen in Fig. 5(b) , a significant asymmetry is induced in the frequency spectrum. The fact that more sidebands were generated at right than at left of the central component agrees qualitatively with the theoretical prediction [ Fig. 3(b) ]. Measurements performed with a 2-MHz transducer for t,0•7 are also presented in Fig. 6 , demonstrating again that the asymmetry of the spectrum increases with distance. Besides, it is noted that a much larger number of sidebands has been detected in this work compared with that obtained by the optical diffraction method with finite but moderate acoustic amplitude. 3 As mentioned in the previous section, this is due to the good ratio of signalto-noise provided by the present interferometric method. This advantage makes it possible to investigate the envelope evolution of the frequency spectrum even with a moderate acoustic amplitude. 
